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Abstract
Intact sections of soybean cut from regions of cell elongation of hypocotyls of etiolated soybean seedlings oxidized
externally supplied NADH (NADH is an impermeant substrate). The oxidation of NADH by 1-cm intact sections was
stimulated by the plant growth factor 2,4-dichlorophenoxyacetic acid (2,4-D). The optimum concentration of 2,4-D for
stimulation was about 1 WM. Stimulations also were given by the naturally occurring 2,4-D analog, indole-3-acetic acid
(IAA), but not by the growth inactive 2,4-D analog 2,3-dichlorophenoxyacetic acid (2,3-D). The findings confirm studies
comparing inside-out and right side-out vesicles that show the 2,4-D-stimulated NADH oxidase to be located at the external
cell surface. Since plant cells are unlikely to encounter NADH at their external cell surface, functions of the oxidase in
reactions other than oxidation of NADH are discussed. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Our laboratory has described an NADH oxidase
activity of plasma membrane vesicles prepared from
segments cut from the region of cell elongation of
etiolated hypocotyls of soybean (Glycine max) [1^
3]. The activity is stimulated by auxin growth factors
such as 2,4-dichlorophenoxyacetic acid (2,4-D), K-
naphthyleneacetic acid (K-NAA), and indole-3-acetic
acid (IAA). Growth is in proportion to the logarithm
of the auxin concentration and is unresponsive to
growth inactive auxin analogs such as 2,3-dichloro-
phenoxyacetic acid (2,3-D) and L-naphthyleneacetic
acid (L-NAA) [3].
The NADH oxidase activity is associated with
both right side-out and inside-out vesicles [4]. Inter-
estingly, the growth factor-stimulated component of
the activity appeared to be associated not only with
inside-out vesicles but also with the external plasma
membrane surface as shown by analyses of vesicles
having a right side-out orientation [4]. These obser-
vations raised the possibility that a growth factor-
stimulated oxidation of NADH could be elicited by
addition of NADH to intact segments of plant tis-
sues.
In this report, we describe a simple method to
demonstrate measurement of NADH oxidation by
intact tissues. Sections cut from hypocotyls of dark-
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grown soybean seedlings were used. The activity was
responsive to the growth factor, 2,4-D. The observa-
tion of the phenomenon of a growth factor-respon-
sive NADH oxidase located at the outer surface
of the plant plasma membrane implies that some
electron donor endogenous to the membrane such
as a reduced quinones or protein thiols may be the
physiological donors for the activity rather than
NADH.
2. Materials and methods
2.1. Plant material
Seeds of soybean (Glycine max L. Merr., cv. Wil-
liams) were soaked 4^6 h in deionized water, planted
in moist vermiculite, and grown 4^5 days in darkness
and 25‡C in foil-covered 18U10-cm plastic boxes.
Hypocotyl segments of di¡erent lengths (1/8, 1/4,
1/2 and 1 cm) were excised below the apical hook
of four-day old seedlings and £oated in deionized
water to wash o¡ the contents of broken cells at
the cut surface. The sections were maintained at
room temperature before and during all experiments.
2.2. NADH oxidase activity
The assay for NADH oxidase activity consisted of
3 ml of 50 mM Tris-MES (pH 6.8) and 1 mM po-
tassium cyanide, the latter to inhibit mitochondrial
NADH oxidases as well as cellular and surface per-
oxidases. The above were added to 30 1-cm, 35 1/2-
cm, 45 1/4-cm, or 70 1/8-cm sections which had been
placed in the bottom of 10U10U48-mm polystyrene
cuvettes (Sarstedt, Newton, NC, USA). The assay
was initiated by the addition of 150 WM NADH.
The assay could not be stirred due to possible me-
chanical disturbance of the sections as well as inter-
ference with the spectrophotometric assay. There-
fore, the assay components were mixed once each
minute by pipetting with a plastic pipette. The reac-
tion was monitored by the decrease in the A340 with
A430 as a reference. An SLM DW-2000 (SLM-Amin-
co) spectrophotometer was used in the dual-wave-
length mode of operation. The change of absorbance
was recorded manually after mixing, once each mi-
nute, for 20 min.
After the ¢rst 20 min, 2,4-D, 2,3-D or IAA were
added as indicated for individual experiments and
the assay was continued for an additional 20 min.
Unless indicated otherwise, results were averages
from triplicate assays. A millimolar extinction coef-
¢cient of 6.22 cm31 was used in calculations of spe-
ci¢c activities.
3. Results
Intact 1-cm sections cut from etiolated hypocotyls
of soybean oxidize NADH based on the decrease in
absorbance at 340 nm (Fig. 1). The rate in the ab-
sence of 2,4-D calculated from the disappearance of
NADH (decrease in absorbance at 340 nm) was
6.25 nmol/min/30 1-cm sections (Fig. 1). Following
addition of 2,4-D, the rate of NADH disappearance
approximately doubled to about 12 nmol/min/30 sec-
tions (Fig. 1). The blank rate in the presence of
NADH but in the absence of tissue (6 0.05 nmol/
Fig. 1. Time course of NADH oxidation by 1-cm sections of
etiolated sections of soybean hypocotyls. Results are averages
of four di¡erent sets of 30 sections each done on the same day
from the same lot of soybeans. The reaction was initiated by
the addition of NADH.
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min) was subtracted. In the presence of tissue but in
the absence of NADH, the absorbance increased
slightly. No rates were observed with tissue segments
boiled for 10 min prior to assay.
A contribution from an internal oxidase either ex-
posed on cut surfaces or coming from broken cells
was unable to account for the 2,4-D-stimulated re-
sponse of the intact sections. When progressively
shorter segments were included in the assay, the pro-
portion of the total activity responding to 2,4-D was
reduced rather than augmented (Fig. 2). When rates
were normalized for number of sections to a linear
section length of 1 cm (i.e. 8 1/8-cm sections, 4 1/4-
cm sections, 2 1/2-cm sections or 1 1-cm section)
(Fig. 3), rates in the absence of 2,4-D were greatest
with tissue cut into 1/8-cm sections. However, the
component of activity responding to 2,4-D remained
constant or declined as section length was decreased.
The rate in the absence of 2,4-D was least with 1-cm
sections. The response to 2,4-D was 0.25 nmol/
20 min/1-cm section equivalent for 1/4-cm sections,
0.3 nmol/20 min/1-cm section equivalent for 1/2-cm
sections and 0.35 nmol/20 min/1-cm section equiva-
lent with the 1-cm sections (Fig. 2).
The response of NADH oxidation to the loga-
rithm of 2,4-D concentration revealed an optimum
at 1 WM with the 1-cm sections (Fig. 4). Similar
results were found with 1/4- and 1/2-cm sections
(not shown). The weak auxin, 2,3-D, at 1 WM elicited
an auxin-stimulated rate of about 5 nmol/20 min/
25 1-cm sections compared to the rate of 50 nmol/
20 min/25 1-cm sections for 1 WM 2,4-D (Table 1).
With indole-3-acetic acid the optimum also was ap-
proximately 1 WM (Fig. 5).
An apparent periodicity that was both reproduci-
ble and signi¢cant statistically was observed for the
NADH oxidation rate (Fig. 1). It appeared as
though the rate of NADH oxidation accelerated for
a period of about 12 min and then declined for about
12 min followed by another period of acceleration.
The apparent periodicity was seen both in the ab-
sence and presence of auxin and to a lesser extent
Fig. 2. Time course of oxidation of NADH by intact sections
of soybean hypocotyls as a function of section length. Approxi-
mately 20 1-cm sections, 35 1/2-cm sections, 40 1/4-cm sections
or 70 1/8-cm sections were incubated as described for Fig. 1 for
20 min to establish a basal rate. After 20 min 2,4-D was added
to a ¢nal concentration of 1 WM and the incubations were con-
tinued for an additional 20 min.
Fig. 3. Results from an experiment similar to that of Fig. 2
where data were normalized for the number of sections and
were expressed as nmol/1-cm section (i.e. per 8 1/8-cm sections,
4 1/4-cm sections, 2 1/2-cm sections and 1 1-cm section) as a
function of section length. Solid line and symbols, no 2,4-D.
Broken line and open symbols, 1 WM 2,4-D.
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in data of Fig. 2 especially with the sections 1/2 and
1 cm in length. No such oscillations were observed
with NADH in the absence of tissue or with tissue in
the absence of NADH.
4. Discussion
The possibility of an external NADH oxidase in
plant cells was ¢rst raised by Lin for plant roots [5].
That a plasma membrane NADH oxidase activity
also might be external was raised by studies of the
antitumor sulfonylurea-inhibited NADH oxidase of
a cervical carcinoma (HeLa) derived human cell line
[6]. Using plasma membrane vesicles of known
absolute orientation, the drug-inhibited NADH
oxidase was observed only with vesicles of right
side-out orientation [6]. Similar results were ob-
tained as well with oriented vesicles from soybean
hypocotyls [4]. 2,4-D, presumably, can readily per-
meate isolated plasma membrane vesicles but
NADH cannot. As with the drug-responsive activity
of HeLa cells [6], both right side-out and inside-out
vesicles exhibited NADH activity but only with the
right side-out vesicles was the oxidation of NADH
stimulated by 2,4-D [4]. Intact HeLa cells were sub-
sequently shown to exhibit the drug-responsive oxi-
dation of NADH [7] as would be expected of an
external drug-inhibited NADH oxidase. That both
the drug and NADH sites were external was shown
subsequently by inhibition of NADH oxidation by
means of impermeant conjugates of an antitumor
sulfonylurea [8].
The physiological electron dontor for the 2,4-D-
stimulated NADH oxidase is assumed to be some
constituent endogenous to the plasma membrane
such as reduced quinones or protein thiols rather
than NADH since an extracellular source of
NADH in plants would be highly unlikely. Protein
disul¢des have been indicated as the acceptor of pro-
Table 1
Auxin speci¢city of the stimulation of NADH oxidation by in-
tact segments of etiolated soybean hypocotyls
Auxin Rate (nmol/20 min/25 sections)
None 50
2,4-D (1 WM) 100
2,3-D (1 WM) 55
IAA (0.1 WM) 73
Fig. 5. Dose-response of NADH oxidation by 1-cm hypocotyl
segments as a function of the logarithm of auxin concentration
for the natural auxin, indole-3-acetic acid (IAA). Results are
from rates averaged over 20 min after IAA addition as de-
scribed for 2,4-D in Fig. 4.
Fig. 4. Dose-response of NADH oxidation by 25 1-cm hypoco-
tyl segments as a function of the logarithm of concentration of
the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). Re-
sults are averages from 3 experiments þ standard deviations.
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tons and electrons from NADH in addition to oxy-
gen [9] for the 2,4-D-stimulated activity. This conclu-
sion is based on the reported ¢ndings of a 2,4-D-
stimulated increase in protein thiols and a corre-
sponding decrease in membrane disul¢des in the
presence of NADH [9]. The protein appears also to
have the ability to function in protein disul¢de-thiol
interchange [10]. A model has been presented where-
by such an activity could function in physical mem-
brane displacements possibly important to plant cell
enlargement [11].
In support of the above hypothesis as well as in
support of an external form of the NADH oxidase
are results with the impermeant thiol reagent PCMS
[9]. This compound inhibits speci¢cally 2,4-D-stimu-
lated cell elongation with 1-cm sections of hypocotyl
sections as well as inhibition of oxidation of NADH
by isolated plasma membrane vesicles.
The basis for the apparent oscillations in A340 as a
function of time is not known. The oscillations ap-
pear to be signi¢cant and not due to instrument var-
iation. Studies are in progress to elucidate the source
of these variations. They may re£ect a natural peri-
odicity in the activity of the cell surface NADH
oxidase.
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